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PARTICULATE MATTER VELOCITY
MEASUREMENT AND SIZE ESTIMATION
USING PARALLEL SELF-MIXING SENSING

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to and the benefit of U.S.
Provisional Patent Application No. 62/720,862, filed Aug.
21, 2018, which 1s hereby incorporated by reference 1n 1ts
entirety.

TECHNICAL FIELD

The present description relates generally to sensor tech-
nology, and more particularly, to a particulate matter veloc-
ity measurement and size estimation using multiple seli-
mixing sensors simultaneously.

BACKGROUND

Portable communication devices (e.g., smart phones and
smart watches) are becoming increasingly equipped with
environmental sensors such as pressure, temperature and
humidity sensors, gas sensors and particulate matter (PM)
sensors. For example, a pressure sensor can enable health
and fitness features 1n a smart watch or a smart phone. A
measured pressure can then be converted (e.g., by a proces-
sor) to other parameters related to pressure, for example,
clevation, motion, flow or other parameters. PM sensing and
measurement can be employed in environmental applica-
tions such as air quality monitoring and management. Par-
ticulate matter (PM) contains a mixture of solid particles and
liquid droplets suspended 1n the air. According to WHO, PM
1s the most dominant outdoor air pollutant in the world. They
have a variety of adverse health effects, such as causing
respiratory and cardiovascular irritations and diseases and
even cancer. Smaller particles 1n particular, such as PM10
(less than 10 um 1n aerodynamic diameter) and PM2.5 (less
than 2.5 um 1n aerodynamic diameter), can penetrate deeper
into the respiratory system and even the blood streams, and
are most harmtul to the population.

One of the technologies that can be used in PM sensing,
applications 1s self-mixing interferometry, which leverages
interference of coherent or partially coherent light reflected
and/or back-scattered from an external target into the reso-
nant optical cavity, e.g. a laser that emits the coherent or
partially coherent light. The reflected and/or back-scattered
light, upon re-entering the laser active region (resonant
cavity) can coherently interact with the light that exists
within the resonant cavity and aflect the lasing process. This
coherent interaction can result 1n a measurable change 1n the
cavity steady-state electric field and carrier distribution that
1s sensitive to the phase of the reflected and/or backscattered
light. As a result of their phase-sensitive nature, these
changes occur periodically for every half-a-wavelength dis-
placement of the target along the propagation direction of
light, and can modulate, for example, the carner (e.g.,
clectrons and holes) profile, laser junction voltage, lasing
frequency and laser output power.

A self-mixing signal can be detected by monitoring the
junction voltage of the laser (e.g., for laser sources driven at
constant current) or the bias current of the laser (e.g., for
laser sources driven at constant voltage). Another option,
which utilizes the changes 1in the laser output power, 1s to
place a photo-detector (PD) adjacent to a laser source such
as a vertical-cavity surface-emitting laser (VCSEL) or bond
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2

the VCSEL directly on top of a PD. The PD can also be an

intra- or extra-cavity device monolithically integrated with
the VCSEL. When the target moves at a velocity v, the
reflected and/or backscattered light experiences a well-
understood shiit in frequency (1.e., Doppler shiit). This shift
in frequency (or wavelength) can be measured by perform-
ing a spectrum analysis, e.g., fast Fourier transtorm (FFT),
of the self-mixing signal. The frequency of the fundamental
beat (1) 1n the frequency spectrum i1s proportional to the
wavelength shift. For example, at a velocity v=1 mm/sec
along the propagation direction of light, the wavelength shait
(AN) is about 6.3x107° nm for a laser emitting coherent

radiation of a wavelength of 940 nm and 1, can be about 2.13
KHz.

BRIEF DESCRIPTION OF THE DRAWINGS

Certain features of the subject technology are set forth 1n
the appended claims. However, for purposes of explanation,
several embodiments of the subject technology are set forth
in the following figures.

FIGS. 1A, 1B, 1C and 1D are diagrams illustrating a
parallel self-mixing sensing system for measuring particu-
late matter (PM) velocity components and corresponding
self-mixing signals, 1n accordance with one or more aspects
of the subject technology.

FIG. 1E 1s a diagram 1illustrating a parallel self-mixing
sensing system for measuring PM velocity components and
corresponding self-mixing signals using a single light
source, 1n accordance with one or more aspects of the
subject technology.

FIG. 2 1s a diagram 1illustrating a parallel self-mixing
sensing system for measuring additional PM velocity com-
ponents, 1 accordance with one or more aspects of the
subject technology.

FIG. 3 1s a diagram illustrating a parallel self-mixing
sensing system for measuring additional PM velocity com-
ponents, 1 accordance with one or more aspects of the
subject technology.

FIGS. 4A-4B are block diagrams illustrating a parallel
seli-mixing sensing system for estimating PM size, 1n accor-
dance with one or more aspects of the subject technology.

FIG. 5 1s a block diagram illustrating a parallel seli-
mixing sensing system for measurement of PM velocity
components 1 3D, 1n accordance with one or more aspects
of the subject technology.

FIG. 6 are tlow diagrams 1llustrating a method for mea-
surement of PM velocity components based on parallel
self-mixing sensing, 1n accordance with one or more aspects
of the subject technology.

FIG. 7 1s a block diagram 1illustrating a wireless commu-
nication device, within which one or more aspects of the
subject technology can be implemented.

DETAILED DESCRIPTION

The detailed description set forth below 1s intended as a
description of various configurations of the subject technol-
ogy and 1s not intended to represent the only configurations
in which the subject technology may be practiced. The
appended drawings are mncorporated herein and constitute
part of the detailed description. The detailed description
includes specific details for the purpose of providing a
thorough understanding of the subject technology. However,
the subject technology 1s not limited to the specific details
set forth herein and may be practiced without one or more
of the specific details. In some instances, structures and
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components are shown 1 a block diagram form in order to
avoid obscuring the concepts of the subject technology.

The subject technology 1s directed to an apparatus for
measuring a velocity of a particulate matter (PM) and
simultaneously, estimating the size of the interrogated PM.
In one or more implementations, the apparatus of the subject
technology includes a first module including a first and a
second light source and a first and a second light detector.
The first light source generates a first light beam, and the
second light source 1s disposed at a first distance from the
first light source and can generate a second light beam 1n
parallel to the first light beam. The first light detector can
measure a {irst timing corresponding to a first self-mixing,
signal resulting from a reflection and/or back-scattering of
the first light beam from a PM, and the second light detector
can measure a second timing corresponding to a second
self-mixing signal resulting from a reflection of the second
light beam from the PM. The first and the second timing can
be defined as the first instant at which the first and second
self-mixing signals corresponding to the particle exceeded
the noise-floor of the system, although other definitions for
the first and the second timing may be applicable as well. A
processor, for example, a processor of a host device (e.g., a
smart phone or a smart watch) determines a velocity of the
PM along the vector that connects the centers (focal points)
of the first light beam and the second light beam, based on
a spatial separation between centers of the first light beam
and the second light beam and a temporal separation
between the first timing and the second timing.

In one or more implementations, the apparatus further
includes a second module similar to the first module. The
second module 1includes a third and a fourth light source and
a third and a fourth light detector. The light beams of the
third light source and the fourth light source are arranged to
be 1n a plane perpendicular to a plane of the first light beam
and the second light beam. The third and the fourth light
detectors, respectively, measure a third and a fourth timing
corresponding to a third and a fourth self-mixing signal
resulting from reflections and/or back-scattering of the light
beams of the third and fourth light sources from the PM.
Further, the processor can determine a velocity of the PM
along the vector that connects the centers (focal points) of
the third light beam and the fourth light beam, based on a
spatial separation between centers of the third light beam
and the fourth light beam and a temporal separation between
the third timing and the fourth timing. In this embodiment,
it 1s targeted that the measured component of the velocity
vector measured by the first and second light sources i1s
orthogonal to the one measured by the third and fourth light
sources.

In some 1implementations, the first and second modules
can be reconfigured to measure other velocity components
of the PM and 1n addition, stmultaneously estimate a size of
the PM, as described 1n more detail herein. The PM velocity
measurement and size estimation feature of the subject
technology can be deployed in hand-held communication
devices, for example, smart phones and smart watches. In
particular, with the mimiature size of the VCSEL and photo-
detectors (PDs) such an integration 1s practical and can be
valuable for environmental applications such as air quality
monitoring and management. Leveraging self-mixing inter-

ference has already been proposed for characterization of

movement of a watch crown, as described respectively, in
U.S. Provisional Patent Application No. 62,657,531 filed
Apr. 13, 2018, which are incorporated by reference herein.

FIGS. 1A through 1D are diagrams illustrating a parallel
self-mixing sensing system 100A for measuring particulate
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matter (PM) velocity components and corresponding seli-
mixing signals, 1n accordance with one or more aspects of
the subject technology. The parallel self-mixing (SM) sens-
ing system (heremafter, “SM sensing system 100A”)
includes a first SM module 101. The first SM module 101
includes a first light source and light detector unit 102, a first
optical element (e.g., lens) 106, a second light source and
detector unit 104 and a second optical element (e.g., lens)
108. The first light source and light detector unit 102 can be
a monolithically integrated umit including a first light source
and a {first photo-detector (PD). In some implementations,
the first light source 1s a laser source such as a first
vertical-cavity surface-emitting laser (VCSEL), and the first
PD 1s an intra- or extra-cavity photodiode monolithically
with the first VCSEL. Similarly, the second light source and
detector unit 104 can be a monolithically integrated unit
including a second light source such as a second VCSEL and

a second PD (e.g., a photo-diode) integrated similarly with
the second VCSEL.

The first VCSEL generates the first light beam 110, and
the second VCSEL generates a second light beam 112. A
center-point, defined as the point with highest 1rradiance on
the transverse plane where the laser beam has the smallest
footprint, 1.e., the focal point, of the first light beam 110 1s
at a distance AX from a center-point of the second light beam
112. The value of the distance AX can be within a range of
about 15 um to 100 um when two VCSELs are used.
However, in the Laguerre-Gaussian implementation, AX
would be within a range of about 0.25 um to 2.5 um. A focal
region 120 includes focal points of the first light beam 110
and the second light beam 112. A particulate matter (PM)
105 moving 1n the focal region 120 can be characterized by
the SM sensing system 100A. For example, when the PM
105 passes through one of the first light beam 110 or the
second light beam 112, an absolute value of the respective
velocity 1n the 7 direction (IV_|) can be measured from the
Doppler shift by spectrally analyzing, e.g., using a fast
Fourier transform (FFT), the self-mixing signal. For
example, when the PM 105 1s passing near the focal point of
the first light beam 110, 1t can reflect and/or scatter part of
the first light beam 110, a portion of which can reach and
recouple mto the resonant cavity of the first VCSEL. Upon
this coherent interaction, the first PD can detect a first SM
signal and measure a first timing associated with the first
signal.

As the PM 105 moves 1n the focal region 120, 1t may pass
near a focal point of the second light beam 112, 1t can reflect
and/or scatter part of the second light beam 112, a portion of
which can reach and recouple into the resonant cavity of the
second VCSEL. Upon this coherent interaction, the second
PD can detect a second SM signal and measure a second
timing associated with the second signal. The time differ-
ence AT between the first timing (T0) and the second timing
(I'l) can be used (e.g., by a processor) to determine a

horizontal velocity component (V) of the PM 105 by simply
dividing the distance traveled (AX) by the PM 105 m X

direction to the time difference AT (V,=AX/AT). The pro-
cessor can be, for example, a processor of a host device such
as a smart phone or a smart watch.

In one or more implementations, the first and second PDs
can be separate from the first and second VCSELSs and be
positioned by the side of the VSCELs, for example, be
implemented as side PDs on the chip. In these implemen-
tations, a cover glass and/or a separate beam-splitting ele-
ment, e.g., with a beam splitting ratio of about 33:67, can be
used to reflect the first and second light beams 110 and 112
to the side PDs, whose main purpose 1s to monitor optical




US 11,280,714 B2

S

power levels of the reflected and/or back-scattered lights.
The power levels of the light reflected from the cover glass
and/or the separate beam splitting element 1s a measure of

the optical output power levels of the first and second
VCSELs. SM interference induced by the PM 105 perturbs

the output power of the VCSELSs and therefore, results 1n a
measurable signal on the corresponding PDs.

A cross sectional view 100B of structure of a light source
and detector unit (e.g., 102) 1s shown in FIG. 1B. In one or

more implementations, as shown 1n FIG. 1B, the light source
and detector unit 102 (or 104) 1s a monolithic VCSEL-PD

unit and includes a top distributed brag reflector (DBR) 111,

a multi-quantum well active region 107 and a bottom DBR
103. The bottom DBR 103 can include an intra-cavity PD

layer 109.
The chart 100C, shown in FIG. 1C, represents a signal
registered by the first PD of the first light source and detector

unit 102. The registered signal includes a background (e.g.,

noise) 130 and a first SM signal 140. The first timing T0 1s
a starting time of the first SM. Alternatively, TO can be
defined as the peak point of the envelope of the SM signal
140.

The chart 100D, shown 1 FIG. 1D, represents a signal
registered by the second PD of the second light source and
detector unit 104. The registered signal 1n this case includes
a background (e.g., noise) 132 and a second SM signal 142.
The second timing T1 1s a starting time of the second SM
signal 142. Alternatively, T1 can be defined as the peak point
of the envelope of the SM signal 142. As described above,
the time difference AT=T1-T0 can be used to fully deter-
mine a value of a velocity V, of the PM 105 along the X axis.
In addition, the direction of the PM 105 motion along the X
axis, 1.e., positive or negative, can be determined by com-
paring T0 to T1.

FIG. 1E 1s a diagram illustrating a parallel self-mixing
sensing system 100E for measuring PM velocity compo-
nents and corresponding self-mixing signals using a single
light source, in accordance with one or more aspects of the
subject technology. In some implementations, the first and
the second light beams (110 and 112 of FIG. 1A) can be
realized based on a single laser source (e.g., first VCSEL),
as shown in FIG. 1E. The parallel self-mixing sensing
system 100E 1s similar to the system shown 1n FIG. 1B and
discussed above, except for the addition of a holographic
plate 115. In these implementations, the single beam of the
single laser source can be converted mnto a higher order
Laguerre-Gaussian beam having two separate lobes 122, for
example, by means of using the holographic plate 115. Each
lobe of the lobes 122 realizes one of the first and the second
light beams 110 and 112 and can be used similarly to
characterize the PM 105, as described above. In this imple-
mentation, the SM signal can be read from a single PD. A
cross-sectional view 125 of the lobes 122 at a distance d
from the holographic plate 115 1s similar to the cross-
sectional view of the first and the second light beams 110
and 112.

FIG. 2 1s a diagram 1illustrating a parallel SM sensing
system 200 for measuring additional PM velocity compo-
nents, 1n accordance with one or more aspects of the subject
technology. The parallel SM sensing system (hereinafter,
“SM sensing system’) 200 includes a first SM module 201-1
and a second SM module 201-2. The first SM module 201-1
can be structurally and functionally similar to or distinct
from SM module 101 of FIG. 1 and generates focused light
beams designated as a first light beam 210-1 and a second
first light beam 212-1. The second SM module 201-2 is also
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structurally and functionally similar to the SM module 101
of FIG. 1 and generates focused third light beam 210-2 and

fourth light beam 212-2.

In the embodiment shown in FIG. 2, the second SM
module 201-2 1s positioned such that the third light beam
210-2 and fourth light beam 212-2 are in the —X direction.
In some implementations, the second SM module 201-2 can
be realized on the same plane (e.g., same planar substrate)
with the first SM module 201-1, while a mirror (metallic,
thin film, diffractive, or based on total internal reflection) can
be used to tilt the corresponding light beams to create the
third light beam 210-2 and fourth line beam 212-2 in the —X
direction, as shown in FIG. 2.

Also shown 1n FIG. 2 are several representative PM 2.5,
the particles of which can move 1n between the focal regions
of the first SM module 201-1 and the second SM module
201-2. The SM sensing system 200 1s capable of unambigu-
ously determining the velocity components V, and V,, and
determining V_ with a sing ambiguity. For example, as
described above with respect to FIG. 1A, by measuring the
Doppler shift contained in the SM signal, an absolute value
of a velocity component in the Z direction (IV_|) can be
measured by the first SM module 201-1, and an absolute
value of a velocity component 1n the X direction (IV,]) can
be measured similarly by the second SM module 201-2.
Further, by comparing the first and second timings T0 and
11, the first SM module 201-1 can measure a value of a
velocity component VX, and similarly, the SM module 201-2
can measure a value of a velocity component Vy. Accord-
ingly, the SM sensing module 200 can fully measure particle
velocity components VX and Vy and measure an absolute
value of the Vz component (1Vzl). Since X, v, and z axes for
an orthogonal basis for the three dimensional space, this
information 1s suilicient to unambiguously determine the
speed of PM 105.

FIG. 3 1s a diagram 1illustrating a parallel self-mixing
sensing system 300 for measuring additional PM velocity
components, 1n accordance with one or more aspects of the
subject technology. The parallel SM sensing system (here-
mafter, “SM sensing system”) 300 includes a first SM
module 301-1 and a second SM module 301-2. The first SM
module 301-1 1s structurally and functionally similar to the
SM module 101 of FIG. 1 and generates focused first and
second light beams 310-1 and 312-1. The second SM
module 301-2 can be structurally and functionally similar to
or distinct from the SM module 101 of FIG. 1 and generates
focused third and fourth light beams 310-2 and 312-2.

In the embodiment shown in FIG. 3, the second SM
module 301-2 1s positioned on a plane, which 1s at an acute
angle 3 with respect to the plane of first SM module 301-1,
such that the third and fourth light beams 310-2 and 312-2
are 1n a direction at an angle 3 with respect to the direction
of the first and second light beams 310-1 and 312-1. In some
implementations, the second SM module 301-2 can be
realized on the same plane (e.g., same planar substrate) with
the first SM module 301-1. For these implementations, a
suitable optical tilting element (e.g., a metallic, thin film,
diffractive, or total internal reflection based mirror) can be
used to tilt the corresponding light beams to create the third
and fourth light beams 310-2 and 312-2 1n the direction at
the angle 3 with respect to the direction of the first and
second light beams 310-1 and 312-1, as shown 1n FIG. 3.

The SM sensing system 300 1s capable of determining all
three velocity components of a particle without any direction
ambiguity. For example, as described above with respect to
FIG. 1A, by measuring the Doppler shift contained 1n the
SM signal an absolute value of a velocity component 1n the
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7. direction (1V_|) can be measured by the first SM module
301-1, and an absolute value of the velocity component 1n
the Z2 direction (I1V_,|) can be measured by the second SM
module 301-2. Further, by comparing the corresponding first
and second timings T0 and T1, the first SM module 301-1
can measure a value of a velocity component V_, and
similarly, the SM module 301-2 can measure a value of a
velocity component 1n the Y direction (Vy). Knowing the
direction of V_, the direction of the velocity V_, can be
determined. Further, from the direction of the velocity V_,,
one can directly find the direction of V_. Thus, the SM
sensing module 300 can fully measure particle velocity
components V_, V_ and V_ with no ambiguity in directions.

FIGS. 4A-4B are block diagrams illustrating a parallel
SM sensing system 400A for estimating PM size, 1n accor-
dance with one or more aspects of the subject technology.
The parallel SM sensing system (hereinaiter, “SM sensing
system”) 400 A includes a SM module 401 that 1s structurally
and functionally similar to the SM module 101 of FIG. 1A,
the PM size measurement capability of this module 1s
explained here. The SM module 401 generates two parallel
light beams, a first light beam 410 and a second light beam
412. A small PM 405-1 is shown 1n the focal point of the first
light beam 410 and a large PM 405-2 at a distance from the
small PM 405-1 on the same light beam. The SM signal
alone cannot distinguish the size of the particles in the first
light beam 410. This 1s because the distances of the particles
from the focal point are not known. However, as the two
particles move towards the second light beam 412, the small
PM 405-1 needs to travel a longer distance d to pass
through the second light beam 412 than the dlstance d, that
the larger PM 405-2 has to travel to reach the second light
beam 412. This 1s because the separation between the first
light beam 410 and the second light beam 412 varies with
distance as shown in FIG. 4A.

A chart 400B of FIG. 4B shows SM signals for the two
particles. For example, SM signals 430-1 and 440-1 corre-
spond to the small PM 405-1 and the SM signals 430-2 and
440-2 correspond to the large PM 403-2. Thus, similar to
chart 100A, an estimate of the lateral speed (V) can be
achieved based on the differences between the first timing
(T0) and the second timing (T1). In addition, as shown 1n

FIG. 4B with the signals 430 (e.g., 430-1 and 430-2) and 440
(c.g., 440-1 and 440-2) collected for the small PM 405-1
(particle 1) and the large PM 405-2 (particle 2), one could
have some estimate of the particle size by using the time
difference between the end of one signal and the start of the
other one and the SM signal to noise ratio. This property
could also be used to detect and to reject large scattering
objects (e.g., human body, face, table, etc.) at a distance and
to separate the SM signals originating from such large
objects at a greater distance from the signal actually gener-
ated by PM. This separation can be based on the fact that
large objects at a greater distance produce signals simulta-
neously 1n both modules whereas PM (a few microns or less
in diameter) cannot produce simultancous signals. The
detection and suppression of false positives due to large
scattering objects (sometimes known as far field occlusion)
could help solve a significant problem with in-ficld PM
sensor 1tegration.

FIG. 5 1s a block diagram illustrating a parallel seli-
mixing sensing system 500 for measurement of PM velocity
components i 3D, 1n accordance with one or more aspects
of the subject technology. The parallel SM sensing system
(heremaftter, “SM sensing system”™) 500 includes a first SM
module 501-1 and a second SM module 501-2. The SM

sensing system 500 1s similar to the SM sensing system 200
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of FIG. 2, except that a second light beam 512-1 of the first
SM module 501-1 1s not parallel with the first light beam
510-1 of the same SM module 501-1. A tilt angle (y)
between the first light beam 510-1 and the second light beam
512-1 of the first SM module 501-1 can be used to estimate
the distance of a detected particle from the focal point of the
first light beam 3510-1. In the SM sensing system 500, as
described above, a particle velocity component |1V_| and a
sign of a particle velocity component VX can be measured
using the first SM module 501-1. In this case, |V_| would be
obtained from the Doppler shift contained 1n the SM signal
collected by monitoring the output power of the left VCSEL
in module 501-1. Sign of VX would be obtained by com-
parison of the first and second timing T0 and T1. Further,
values of |V | and V , (velocity component in the Y direction)
can be measured by the second SM module 501-2. Again,
'V_| comes from the Doppler shift contained in the SM
signal V, 1s calculated by comparing the first and second
timing 10 and T1 obtained from module 501-2. Knowing the
sign and absolute value of V_, the velocity component VX 1s
tully characterized. The known value of V_ and the time
difference between the signals detected in the first SM
module 501-1 can be used to estimate the distance of the
particle from the focus of the first SM module 501-1. For a
fixed V_, a shorter time difference indicates that the particle
1s farther away from the focus along the specified z axis.

FIG. 6 are flow diagrams illustrating a method 600 for
measurement of PM velocity components based on parallel
self-mixing sensing (e.g., 100A of FIG. 1A), in accordance
with one or more aspects of the subject technology. The
method 600 includes illuminating a moving particulate
matter (PM) (e.g. 105 of FIG. 1A) with a first light beam
(e.g., 110 of FIG. 1A) of a first light source (e.g., 102 of FIG.
1A) and a second light beam (e.g., 112 of FIG. 1A) of a
second light source (e.g., 104 of FIG. 1A), disposed at a
distance from the first light source (610). The method 600
turther 1includes measuring, using a first light detector (e.g.,
integrated with 102 of FIG. 1A), a first timing (e.g., T0 of
FIG. 1B) corresponding to a first self-mixing signal (e.g.,
140 of FIG. 1B) resulting from a reflection and/or back
scattering of the first light beam from the PM (620). Using,
a second light detector (e.g., integrated with 104 of FIG.
1A), a second timing (e.g., T1 of FIG. 1C) corresponding to
a second self-mixing signal (e.g., 142 of FIG. 1C) resulting
from a reflection and/or back scattering of the second light
beam from the PM 1s measured (630). A processor (e.g., a
processor of a host device) determines a first velocity (e.g.,
V ) of the PM based on a difference (e.g., AX of FIG. 1A)
between centers of the first light beam and the second light
beam and a difference between the first timing and the
second timing (640).

FIG. 7 1s a block diagram illustrating a wireless commu-
nication device 700, within which one or more aspects of the
subject technology can be implemented. In one or more
implementations, the wireless communication device 700
can be a smart phone or a smart watch that hosts an
apparatus of the subject technology for air quality monitor-
ing. The wireless communication device 700 may comprise
a radio-frequency (RF) antenna 710, a receiver 720, a
transmitter 730, a baseband processing module 740, a
memory 750, a processor 760, a local oscillator generator
(LOGEN) 770 and one or more transducers 780. In various
embodiments of the subject technology, one or more of the
blocks represented 1n FIG. 7 may be integrated on one or
more semiconductor substrates. For example, the blocks
720-770 may be realized 1n a single chip or a single system
on a chip, or may be realized 1n a multi-chip chipset.
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The receiver 720 may comprise suitable logic circuitry
and/or code that may be operable to receive and process
signals from the RF antenna 710. The receiver 720 may, for
example, be operable to amplify and/or down-convert
received wireless signals. In various embodiments of the
subject technology, the receiver 720 may be operable to
cancel noise 1n received signals and may be linear over a
wide range of frequencies. In this manner, the receiver 720
may be suitable for receiving signals 1n accordance with a

variety ol wireless standards, Wi-F1, WiMAX, Bluetooth,
and various cellular standards. In various embodiments of
the subject technology, the recerver 720 may not require any
SAW filters and few or no off-chip discrete components such
as large capacitors and inductors.

The transmitter 730 may comprise suitable logic circuitry
and/or code that may be operable to process and transmuit
signals from the RF antenna 710. The transmitter 730 may,
for example, be operable to up-convert baseband signals to
RF signals and amplify RF signals. In various embodiments
of the subject technology, the transmitter 730 may be
operable to up-convert and amplily baseband signals pro-
cessed 1n accordance with a variety of wireless standards.
Examples of such standards may include Wi-F1, WiMAX,
Bluetooth, and wvarious cellular standards. In wvarious
embodiments of the subject technology, the transmitter 730
may be operable to provide signals for further amplification
by one or more power amplifiers.

The duplexer 712 may provide 1solation in the transmit
band to avoid saturation of the receiver 720 or damaging
parts of the recerver 720, and to relax one or more design
requirements of the recerver 720. Furthermore, the duplexer
712 may attenuate the noise in the receive band. The
duplexer may be operable 1n multiple frequency bands of
various wireless standards.

The baseband processing module 740 may comprise
suitable logic, circuitry, interfaces, and/or code that may be
operable to perform processing of baseband signals. The
baseband processing module 740 may, for example, analyze
received signals and generate control and/or feedback sig-
nals for configuring various components of the wireless
communication device 700, such as the receiver 720. The
baseband processing module 740 may be operable to
encode, decode, transcode, modulate, demodulate, encrypt,
decrypt, scramble, descramble, and/or otherwise process
data 1n accordance with one or more wireless standards.

The processor 760 may comprise suitable logic, circuitry,
and/or code that may enable processing data and/or control-
ling operations of the wireless communication device 700.
In this regard, the processor 760 may be enabled to provide
control signals to various other portions of the wireless
communication device 700. The processor 760 may also
control transfer of data between various portions of the
wireless communication device 700. Additionally, the pro-
cessor 760 may enable implementation of an operating
system or otherwise execute code to manage operations of
the wireless communication device 700. In one or more
implementations, the processor 760 can be used to deter-
mine various PM velocities based on SM signals of the SM
sensing systems of the subject technology, as described
above (e.g., with respect to FIG. 1A).

The memory 750 may comprise suitable logic, circuitry,
and/or code that may enable storage of various types of
information such as received data, generated data, code,
and/or configuration information. The memory 750 may
comprise, for example, RAM, ROM, flash, and/or magnetic
storage. In various embodiments of the subject technology,
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information stored 1n the memory 750 may be utilized for
configuring the receiver 720 and/or the baseband processing
module 740.

The local oscillator generator (LOGEN) 770 may com-
prise suitable logic, circuitry, interfaces, and/or code that
may be operable to generate one or more oscillating signals
of one or more Irequencies. The LOGEN 770 may be
operable to generate digital and/or analog signals. In this
manner, the LOGEN 770 may be operable to generate one
or more clock signals and/or sinusoidal signals. Character-
istics of the oscillating signals such as the frequency and
duty cycle may be determined based on one or more control
signals from, for example, the processor 760 and/or the
baseband processing module 740.

In operation, the processor 760 may configure the various
components of the wireless communication device 700
based on a wireless standard according to which 1t 1s desired
to receive signals. Wireless signals may be received via the
RF antenna 710, amplified, and down-converted by the
receiver 720. The baseband processing module 740 may
perform noise estimation and/or noise cancellation, decod-
ing, and/or demodulation of the baseband signals. In this
manner, information in the recerved signal may be recovered
and utilized appropriately. For example, the information
may be audio and/or video to be presented to a user of the
wireless communication device, data to be stored to the
memory 750, and/or information affecting and/or enabling
operation of the wireless communication device 700. The
baseband processing module 740 may modulate, encode,
and perform other processing on audio, video, and/or control
signals to be transmitted by the transmitter 730 1n accor-
dance with various wireless standards.

The one or more transducers 780 may include the min-
1ature SM sensing system ol the subject technology, for
example, as shown in FIGS. 1A, 2, 3, 4A and 5 and
described above. The SM sensing system (e.g., a miniature
sensing system) of the subject technology can be readily
integrated into the communication device 700, in particular,
when the communication device 700 1s a smart mobile
phone or a smart watch. In one or more implementations, the
processor 760 can process SM signals from the first and
second SM modules of the subject technology, to determine
a number of velocity components or an estimate of the size
of the PM. In one or more implementations, the memory 750
can store measured velocity components and PM sizes.

The previous description 1s provided to enable any person
skilled 1n the art to practice the various aspects described
herein. Various modifications to these aspects will be readily
apparent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects. Thus, the
claims are not intended to be limited to the aspects shown
herein, but are to be accorded the full scope consistent with
the language claims, wherein reference to an element 1n the
singular 1s not intended to mean “one and only one” unless
specifically so stated, but rather “one or more.” Unless
specifically stated otherwise, the term “some” refers to one
or more. Pronouns 1n the masculine (e.g., his) include the
feminine and neuter gender (e.g., her and its) and vice versa.
Headings and subheadings, if any, are used for convenience
only and do not limit the subject disclosure.

The predicate words “configured to,” “operable to,” and
“programmed to” do not imply any particular tangible or
intangible modification of a subject, but, rather, are intended
to be used interchangeably. For example, a processor con-
figured to monitor and control an operation or a component
may also mean the processor being programmed to monitor
and control the operation or the processor being operable to
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monitor and control the operation. Likewise, a processor
configured to execute code can be construed as a processor
programmed to execute code or operable to execute code.

A phrase such as an “aspect” does not imply that such
aspect 1s essential to the subject technology or that such
aspect applies to all configurations of the subject technology.
A disclosure relating to an aspect may apply to all configu-
rations, or one or more configurations. A phrase such as an
aspect may refer to one or more aspects and vice versa. A
phrase such as a “configuration” does not imply that such
configuration 1s essential to the subject technology or that
such configuration applies to all configurations of the subject
technology. A disclosure relating to a configuration may
apply to all configurations, or one or more configurations. A
phrase such as a configuration may refer to one or more
configurations and vice versa.

The word “example” 1s used herein to mean “serving as
an example or 1illustration.” Any aspect or design described
herein as “example” 1s not necessarily to be construed as
preferred or advantageous over other aspects or designs.

All structural and functional equivalents to the elements
of the various aspects described throughout this disclosure
that are known or later come to be known to those of
ordinary skill in the art are expressly incorporated herein by
reference and are intended to be encompassed by the claims.
Moreover, nothing disclosed herein 1s intended to be dedi-
cated to the public regardless of whether such disclosure 1s
explicitly recited 1n the claims. No claim element 1s to be
construed under the provisions of 35 U.S.C. § 112, sixth
paragraph, unless the element 1s expressly recited using the
phrase “means for” or, 1 the case of a method claim, the
clement 1s recited using the phrase “step for.” Furthermore,
to the extent that the term “include,” “have,” or the like 1s
used 1n the description or the claims, such term 1s intended
to be inclusive 1n a manner similar to the term “comprise”
as “comprise’” 1s interpreted when employed as a transitional
word 1n a claim.

What 1s claimed 1s:

1. An apparatus for particulate matter (PM) spatial and
temporal separation measurement, the apparatus compris-
ng:

a light source including a holographic plate configured to
generate a first light beam and a second light beam to
illuminate a PM,

wherein the second light beam 1s generated at a first
distance from the first light beam, and the first light
beam and the second light beam are 1n parallel and are
configured to illuminate the PM;

a light detector configured to measure a first timing and a
second timing corresponding to seli-mixing signals
resulting respectively from at least one of a retlection or
back scattering of the first light beam and the second
light beam from the PM; and

a processor configured to determine a first velocity of the
PM based on a spatial separation between centers of the
first light beam and the second light beam and a
temporal separation between the first timing and the
second timing.

2. The apparatus of claim 1, wherein the light source
comprises a laser source realized on a semiconductor chip
and further comprises one or two optical elements config-
ured to focus the first and the second light beams.

3. The apparatus of claim 2, wherein the light detector 1s
integrated with the light source.

4. The apparatus of claim 2, wherein a single beam of a
single laser source 1s converted into a higher order Laguerre-
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(Gaussian beam having two separate lobes, each lobe real-
1zing one of the first and the second light beams.

5. The apparatus of claim 1, wherein the processor 1s
configured to determine the first velocity of the PM along a
direction of a vector connecting a focal point of the first light
beam to a focal point of the second light beam.

6. The apparatus of claim 1, wherein the processor 1s
configured to estimate a size of the PM based on measured
timing differences of self-mixing signals corresponding to
PMs with different sizes passing through the first light beam
and the second light beam at different distances from a focal
point of the first light beam and the second light beam.

7. The apparatus of claim 1, wherein the processor 1s
configured to detect far field occlusion by large scattering
moving objects, and to separate far field occlusion from
self-mixing signals generated by small airborne PM,
wherein the separation 1s based on signals being produced in
light detector by the large scattering moving objects being at
a greater distance.

8. The apparatus of claim 1, further comprising:

a second light source and a third light source, wherein
light beams of the second light source and the third
light source are arranged to be in a second plane
perpendicular to a first plane of the first light beam and
the second light beam, and to be perpendicular to the
first light beam and the second light beam; and

a second and a third light detector configured to respec-
tively measure a third and a fourth timing correspond-
ing to a third and a fourth self-mixing signal resulting
from at least one of reflections or back scatterings of the
light beams of the second and third light sources from
the PM.

9. The apparatus of claim 8, wherein the processor 1s
turther configured to determine a second velocity of the PM
in a direction perpendicular to and 1n a second plane of the
light beams of the second light source and the third light
source, and wherein the second velocity 1s determined based
at least on a temporal separation between third and the fourth
timing.

10. A communication device comprising;:

a processor; and

a first module comprising:

a light source including a holographic plate configured
to generate a first light beam and a second light beam
to 1lluminate a particulate matter (PM); and

a light detector configured to respectively detect a first
seli-mixing signal and a second self-mixing signal
resulting respectively from at least one of reflections
or back scatterings of the first light beam and the
second light beam from the PM, and to measure a
first timing and a second timing corresponding to the
first self-mixing signal and the second self-mixing
signal,

wherein the processor 1s configured to determine a first
velocity component of the PM based at least on a
temporal separation between the first timing and the
second timing.

11. The communication device of claim 10, wherein the
first light beam and the second light beam are generated
from two separate lobes of a higher order Laguerre-Gaussian
beam resulting from conversion of a single beam of a single
laser source.

12. The communication device of claim 10, wherein the
light detector comprises a photodiode monolithically inte-
grated with the light source.

13. The communication device of claim 12, wherein the
first light beam 1s parallel to the second light beam, and
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wherein the first velocity component of the PM 1s mn a
direction along a direction of a vector connecting a focal
point of the first light beam to a focal point of the second
light beam.

14. The communication device of claim 10, further com-
prising a second module comprising a second light source
and a third light source, wherein light beams of the second
light source and the third light source are arranged to be 1n
a second plane perpendicular to a first plane of the first light
beam and the second light beam.

15. The communication device of claim 14, wherein the
light beams of the second light source and the third light
source are arranged to be at a first angle with respect to the
first light beam and the second light beam.

16. The communication device of claim 15, wherein the
second module further comprises a second and a third light
detector configured to respectively detect a third and a fourth
self-mixing signals resulting from at least one of reflections
or back scatterings of the light beams of the second and third
light sources from the PM, and to measure a third and a
fourth timing corresponding to the third and the fourth
self-mixing signals.

17. The communication device of claim 15, wherein the
first angle comprises a 90-degree angle and the second light
beam 1s at a second angle with respect to the first light beam.

18. The communication device of claim 17, wherein the
processor 1s further configured to determine both amplitude
and direction of the first velocity component and a second
velocity component of the PM based at least on a first
temporal separation between the first timing and the second
timing and a spatial separation between the light beams of
the second light source and the third light source.
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19. An apparatus comprising;:
A processor;

a first self-mixing module; and

a second self-mixing module having similar features as
the first self-mixing module,

wherein the first self-mixing module comprises:

a light source including a holographic plate configured
to generate a first light beam and a second light beam
to i1lluminate a particulate matter (PM); and

a light detector configured to detect a first self-mixing
signal and a second self-mixing signal resulting
respectively from at least one of reflections or back
scatterings of the first light beam and the second light
beam from the PM, and to measure a first timing and
a second timing corresponding to the first seli-
mixing signal and the second self-mixing signal, and

wherein the processor 1s configured to determine more
than one velocity component of the PM based at least
on a {irst temporal separation between the first timing
and the second timing and a second temporal separation
between a third timing and a fourth timing associated
with the second self-mixing module.

20. The apparatus of claim 19, wherein a third light beam
and a fourth light beam associated with the second seli-
mixing module are 1n a second plane perpendicular to a first
plane of the first light beam and the second light beam, and
the third light beam and the fourth light beam are at an angle
with respect to the first light beam and the second light
beam.
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